Abstract-This paper describes the development of a highfrequency 256-element linear ultrasonic array utilizing an interdigitally bonded (IB) piezo-composite. Several IB composites were fabricated with different commercial and experimental piezoelectric ceramics and evaluated to determine a suitable formulation for use in high-frequency linear arrays. It was found that the fabricated fine-scale 2-2 IB composites outperformed 1-3 IB composites with identical pillar-and kerfwidths. This result was not expected and lead to the conclusion that dicing damage was likely the cause of the discrepancy. Ultimately, a 2-2 composite fabricated using a fine-grain piezoelectric ceramic was chosen for the array. The composite was manufactured using one IB operation in the azimuth direction to produce approximately 19-μm-wide pillars separated by 6-μm-wide kerfs. The array had a 50 μm (one wavelength in water) azimuth pitch, two matching layers, and 2 mm elevation length focused to 7.3 mm using a polymethylpentene (TPX) lens. The measured pulse-echo center frequency for a representative array element was 28 MHz and −6-dB bandwidth was 61%. The measured single-element transmit −6-dB directivity was estimated to be 50°. The measured insertion loss was 19 dB after compensating for the effects of attenuation and diffraction in the water bath. A fine-wire phantom was used to assess the lateral and axial resolution of the array when paired with a prototype system utilizing a 64-channel analog beamformer. The −6-dB lateral and axial resolutions were estimated to be 125 and 68 μm, respectively. An anechoic cyst phantom was also imaged to determine the minimum detectable spherical inclusion, and thus the 3-D resolution of the array and beamformer. The minimum anechoic cyst detected was approximately 300 μm in diameter.
I. Introduction H igh-frequency (>20 MHz) ultrasonic imaging is currently used for various clinical and preclinical applications: for example, visualizing atherosclerotic plaque in the coronary arteries and ocular or dermatological pathologies are common clinical uses, and visualizing the effects of experimental drug treatments in small animal models is a common pre-clinical use. In recent years, highfrequency array development has been pursued to meet the demand for improved image quality and functionality [1] , [2] . designs incorporating mechanically or laser-diced 2-2 and 1-3 composite elements have been successful in producing arrays with center frequencies up to 50 MHz [3] [4] [5] [6] . In this study, we chose to pursue high-frequency linear array development using interdigitally bonded (Ib) composites [7] , [8] . This composite manufacturing technique was chosen because it can be implemented with a mechanical dicing saw to produce fine-scale composites suitable for high-frequency arrays. We previously reported the fabrication of an Ib 1-3 composite 30-MHz array whose performance was deemed less than satisfactory because of higher-than-expected measured insertion loss (29 db) [9] . Those results served as an inspiration for the present study, which provides a more critical look at fine-scale Ib composites with the intention of improving performance of our arrays operating at approximately 30 MHz. This paper first describes the development and evaluation of fabricated fine-scale Ib composites followed by the development and evaluation of a high-frequency linear-array transducer utilizing one such composite.
II. Materials, Methods, and results

A. Interdigitally Bonded Composite Development
There are several manufacturing techniques currently available that are suitable for fabricating high-frequency 1-3 and 2-2 piezoelectric composites. a modified mechanical dicing technique has been used, whereby multiple dice-and-fill operations are performed to produce piezoelectric ceramic pillar spacing that would not have been possible with a single dicing operation [4] , [6] . This technique is limited by the minimum blade width commercially available (currently 10 µm) and often results in a low composite volume fraction or an undesirable piezoelectric pillar aspect ratio. High volume fractions and small pillar and kerf widths are attainable by reactive ion etching [10] or laser dicing [5] ; however, it is challenging to produce pillars with uniform aspect ratios using these techniques. a process involving the controlled lamination of lapped piezoelectric plates with an epoxy filled with polystyrene sphere spacers proved to be an effective, although laborious, way to produce extremely uniform fine-scale 2-2 composites [3] . Piezoceramic composite micromolding [11] and tape-casting techniques [12] have also proven to be effective in producing very uniform pillar aspect ratios; however, the performance of these fine-scale composites have yet to demonstrate their superiority over those involving the machining of bulk piezoelectric materials. considering all available options, we chose to manufacture our array composites using Ib because it can be performed using bulk piezoceramic or piezoelectric single-crystal materials to produce fine-scale composites with relatively uniform pillar aspect ratios and geometry [7] , [8] .
Ib composite manufacturing involves the mating of two mechanically diced slabs of a piezoelectric material (Fig.  1) [7] . The diced kerfs must be larger than the width of the pillars so that the diced portions of the slabs will mate properly. The kerfs between mated pillars are infiltrated with an adhesive, usually epoxy, which is cured before further processing. an Ib 2-2 composite is produced by lapping off the unwanted remnants of the piezoelectric slabs and cured adhesive. additional Ib processes can be performed using a parallel dicing direction to produce finer scale 2-2 composites [8] or perpendicularly to produce 1-3 composites. The one major drawback of the Ib method is pillar misalignment, which can result in undesirable kerf widths. For every composite, there is a range of kerf widths that will result in acceptable transducer performance. a kerf width that is too large or too small can promote coupling between the thickness mode of the composite pillars and deleterious lateral modes. To combat this, we developed a pillar-positioning technique that can be used to reduce misalignment. This technique worked by creating one or more nearly-kerf-sized alignment pillars on the edges of the diced slabs to force the Ib pillars to align or misalign purposefully [13] . These alignment pillars were removed by machining in the later stages of the fabrication process. Pillar-positioning was used in all composites manufactured for this study. a scanning electron microscopy (sEM) (s-3500n, Hitachi ltd., Tokyo, Japan) image of an Ib 2-2 composite is shown in Fig. 2 . The combination of uniform pillar aspect ratio and kerf width for the composite shown in these images would be difficult to attain using methods other than those described by ritter et al. [3] , cochran et al. [11] , or Hackenberger et al. [12] .
Ib 2-2 piezo-composite samples were fabricated and tested to assess the performance of five different piezoelectric ceramics that were considered for use in the highfrequency array. additionally, Ib 1-3 composite samples using two different piezoelectric ceramics, and samples of one solid piezoelectric ceramic were fabricated and tested to provide additional comparisons of composite performance.
all composite samples were designed to be 1 mm wide, 2 mm long, and approximately 55 µm thick, containing approximately 19-µm-wide piezoelectric ceramic pillars separated by approximately 6-µm-wide kerfs filled with a mixture of Epo-Tek 301 (Epoxy Technologies, billerica, Ma) and 17.5% by weight of plasticizer lP-3 (sPI-chem, West chester, Pa). actual pillar-and kerf-widths may have varied slightly based upon the amount of piezoceramic grain-pullout during dicing (Tcar864-1 dicing saw, Thermocarbon Inc., casselberry, Fl). Thin gold (approx. 1000 Å) on top of chrome (approx. 500 Å) electrodes were sputtered (nsc-3000, nano-Master Inc., austin, TX) on both sides of all samples. Each sample was poled in air at room temperature for 10 min using a dc field of approximately 3 kV/mm.
B. Interdigitally Bonded Composite Evaluation
The thickness-mode electromechanical coupling coefficient, k t , clamped dielectric loss tangent, tan(δ s e ), mechanical quality factor, Q m , attenuation coefficient, α, relative clamped permittivity, ε s 33 /ε o , and longitudinal velocity, V l , were calculated using measurements of air-resonating samples [14] , [15] , obtained with an impedance analyzer (Model #4294a with 16034H test fixture, agilent Technologies, santa clara, ca) and a sub-micrometer thickness gauge (cT25/nd281b, Heidenhain, schaumburg, Il). sEM images were also taken of broken cross-sections of undiced piezoceramic samples to estimate average grain size (aGs). The average properties obtained from five samples of each 2-2 composite material are shown in Table I and the electrical impedance characteristics of a Fig. 1 . drawing indicating the steps involved with manufacturing a 2-2 composite using interdigital bonding. The process involves (a) the dicing of two plates (only one is shown) of piezoelectric material with kerf widths that are smaller than pillar widths, (b) mating them together interdigitally after infiltrating the kerfs with an adhesive, and (c) removing all unwanted piezoelectric material and cured adhesive [7] .
2-2 composite sample that was determined to be the top performer is shown in Fig. 3 .
The TFT-l201F 2-2 composite (TFT corporation, Tokyo, Japan) outperformed other 2-2 composites fabricated using TFT-l202F, Trs-600FGHd (Trs Technologies, state college, Pa), cTs-3203Hd (cTs ceramics, albuquerque, nM), and a prototype PMn-30%PT finegrained ceramic currently being developed at Penn state University for small-aperture devices [16] . This material displayed the highest k t , lowest tan(δ s e ), and lowest α of the 2-2 composite materials tested and, thus, was chosen for use in fabricating the linear array. also, on average, the k t , and tan(δ s e ) for 2-2 composites fabricated using finer-grained (aGs ≤1.9 µm) materials were better, and the Q m and α were significantly better than what was recorded for the one composite fabricated using a coarsegrained piezoceramic (cTs-3203Hd, aGs = 4.0 µm); therefore, it appears that finer-grained piezoceramics are the more desirable choice for fabricating high-frequency 2-2 composite transducers.
The measured k t for all 2-2 composite samples was 12 to 21% less than finite-element (PZFlex) model predictions of Values in parentheses are the standard deviations for the measured properties. *Experimental PMn-30%PT ceramic developed and manufactured at The Pennslyvania state University [16] . **These measurements are for 53-µm-thick solid plate samples of the cTs-3203Hd ceramic. the electrical impedance curves, assuming manufacturers' bulk piezoceramic material properties and formula previously described elsewhere [14] . The difference between measured and modeled k t was 19% for Trs-600FGHd, 12% for TFT-l201F, 15% for TFT-l202F, and 21% for both PMn-30%PT and cTs-3203Hd 2-2 composites. It is well known that the properties of piezoelectric ceramics are frequency dependent [14] , [15] ; however it is not known if damage caused by the mechanical dicing process contributes more significantly to the overall performance of the composite. Therefore, we also fabricated and tested three thin (53 µm) solid plate samples of the cTs-3203Hd ceramic for a comparison of the percentage of degradation in performance. The averaged performance for these piezoceramic samples, also shown in Table I , agreed with previously reported results by Zipparo et al. [14] and Foster et al. [15] for the same material formulation. The difference between the manufacturer's reported k t (0.55) [17] for the cTs-3203Hd piezoceramic and our measured results was only 5.5%, whereas the difference between measured and modeled 2-2 composite performance using the same material was 21%; therefore, it is clear that the diced Ib composites suffered process-induced degradation in addition to frequency-dependent degradation of performance. It was previously theorized that mechanical or thermal damage during the mechanical dicing process accounted for an observed performance degradation [18] . To test this theory further, we also fabricated 58% volume fraction 1-3 composites with 19-µm pillars and 6-µm kerfs using the Trs-600FGHd and TFT-l201F materials. The averaged results, also listed in Table I , supported the theory that damage caused by dicing had occurred; the 1-3 composites had lower k t and Q m values than the 2-2 composites, and α increased significantly. The measured k t values for these 1-3 composites were particularly alarming considering that the 1-3 composites developed for this study should display significantly higher k t values (approx. 0.73) than 2-2 composites (approx. 0.67) based upon finite element analysis (PZFlex) assuming the manufacturers' bulk piezoceramic material properties. a previous study by liu et al. [7] reported k t values as high as 0.66 and 0.73 for mechanically diced Ib 2-2 and 1-3 composites manufactured using the cTs/Motorola 3203Hd ceramic. These k t measurements were obtained from 40-to 44-µm-thick composite samples with 36-µm-wide pillars, and therefore we believe that their performance was less influenced by dicing damage than the 19-µm-wide pillars constructed for this study. We also believe that the 36-µm pillar width used in that previous study would not be ideal for fabricating a 30-MHz 1-3 or 2-2 composite transducer optimized for thickness-mode operation. assuming a thickness of approximately 50 µm, the aspect ratio (width/height) produced with such a large pillar width (0.72) would show significant coupling between the lateral-and thickness-mode resonances [19] ; as a result, ultrasonic arrays constructed using such a composite may suffer from lengthy pulse-echo ringdown, increased insertion loss, and high crosstalk between elements. Ideally, pillar aspect ratio should be less than approximately 0.5 to 0.6 to avoid the deleterious effects of mode-coupling [20] .
Previously reported results for other fine-scale composite manufacturing methods display k t values comparable to our results for the Ib method (Table I ). The process involving the controlled lamination of lapped piezoceramic plates [3] produced a 2-2 piezoceramic composite using Trs-600FGHd (28.5-µm-wide pillars and 5.0-µm-wide kerfs) with a recorded k t of 0.6, which is 6.6% higher than what we report using the Ib method. The tape-casting method [12] was used to produce 18-MHz and 25-MHz 2-2 piezoceramic composite (22-µm-wide pillars and 4.5-µm-wide kerfs) with a measured k t of 0.52 and 0.62, respectively. Finally, a 36-MHz 1-3 composite fabricated using micromolding techniques (15-µm-pillar widths with a 50% piezoceramic volume fraction) recorded a k t value of approximately 0.5 [21] . Unfortunately, these composite manufacturing studies did not report other critical material properties, such as tan(δ s e ), Q m , and α; therefore, further research is warranted to determine if there is a preferred method.
C. Array Development
a drawing that shows the major design components of the 30-MHz array developed for this study is displayed in Fig. 4 . The array was designed to have a 50-µm (one wavelength in water) pitch and to use a flexible circuit for interconnect. Two acoustic matching layers were used in the design along with a lens for elevation focusing. The Ib TFT-l201F 2-2 composite used to form the array elements had kerf and pillar widths identical to the test pieces detailed in the previous section. Matching layer compositions were chosen using formulas derived by desilets et al. [22] . The thicknesses of the matching layers and other passive materials used in the array were optimized using a 2-dimensional finite element model (PZFlex, Weidlinger associates, santa clara, ca).
The interconnection between array elements and imaging system electronics is the most critical and challenging step in the high-frequency array fabrication process. because of the fine element spacing, techniques such as traditional soldering or bump bonding connections from elements to more coarsely spaced system circuitry are not practical. one successful approach involved the deposition of a metal electrode covering and shorting all piezoelectric array elements to all equally finely spaced signal traces on a finely-to-coarsely spaced printed circuit. The subsequent separation of individual element electrodes and traces can be accomplished by dicing [3] [4] [5] , or etching. spatial limitations in the alignment between the array elements and the printed circuit, as well as the material removal process used, dictate the practical limit for this technique. Wire bonding between patterned individual element electrodes and traces on a printed circuit can also be used [6] ; however, this technique is limited to the resolution of the wire bonder and gauge of wire used. The approach we decided to use for this study involved the alignment and direct bonding of a flexible printed circuit to a plate of piezoelectric material with patterned individual array element electrodes. This technique is mainly limited by the ability to align the two patterned electrodes. also, unlike the other techniques reviewed, it does not require specialized equipment such as a laser dicing machine or wire bonder for success.
The components used in the array were fabricated separately and then carefully aligned and bonded together using an unloaded epoxy (Epo-Tek 301). The array assembly process started by casting an 8 × 7 × 22 mm backing block of unloaded Epo-Tek 301 in a rubber mold. The 7-mm backing thickness used was deemed acceptable to avoid backing echo interference based upon previously reported acoustic attenuation data [23] . after curing and de-molding, the backing block was carefully bonded to the flexible circuit, which had fiducial markers printed on it to help with alignment. The custom double-sided flexible circuit used in this study was designed in-house and fabricated by 3M Electronic solutions (canoga Park, ca) a 2 × 13 mm piece of TFT-l201F composite was fabricated for the 256-element array. The composite incorporated a chrome/gold (cr/au) signal electrode covering the piezoelectric ceramic pillars only. selectively patterning the signal electrodes on the composite pillars was accomplished by sputtering a continuous electrode (approx. 2000 Å au on top of 500 Å cr) over the entire composite and then removing the electrode covering the exposed epoxy kerfs only using mechanical abrasion with a cotton swab and reagent alcohol [24] .
The composite was carefully aligned and bonded to the flex-circuit with the aid of patterned fiducial markers on the flex-circuit so that the kerf between two ceramic pillars was centered over a single signal electrode on the flex-circuit (Fig. 5) . an additional electrode (approx. 1000 Å of au on top of 500 Å of cr) was sputtered over the composite and a portion of the flex-circuit to create the composite ground layer and short it to the ground electrodes patterned on the flex-circuit. a 17-µm-thick silver epoxy inner matching layer composed of 2-to 3-µm silver particles (adrich chem. co., Milwaukee, WI) mixed with Insulcast 501 (americal safety Tech., roseland, nJ) epoxy was fabricated [3] . a 17-µm-thick parylene c outer matching layer was then vapor deposited (Pds2010, specialty coating systems, Indianapolis, In) on top of the inner matching layer with the aid of an adhesion promoter (a-174, specialty coating systems). The matching layers were then bonded to a machined polymethylpentene (TPX) (rT18, Mitsui chemicals, Tokyo, Japan) lens. TPX was used as a lens because it had an ideal combination of an acoustic impedance similar to tissue, and low loss at high frequency [25] . The concave lens was machined using an 11/64-in (4.37-mm) ball-end-mill and polished to provide a smooth surface finish. The matching layer and lens sub-assembly was then bonded to the array assembly. Finally, array elements were poled in air at room temperature by applying a dc field of 3 kV/mm for 10 min. a photograph of the finished array assembly is shown in Fig. 6 . a separate custom designed array cable assembly was also fabricated using a 75-Ω coaxial cable bundle (Tyco/Precision Interconnect, Portland, or) and three printed circuit boards utilizing four surface mount connectors (bsH series, samtec Inc., new albany, In). The cable length of 1.5 m was chosen to be approximately 1/4-wavelength at 30 MHz, and thus provided the only electrical impedance matching used between the array elements and the system electronics [3] , [4] . This cable assembly was used in conjunction with all array performance tests.
D. Array Evaluation
The pulse echo response was acquired using a polished quartz reflector placed in a tank of deionized water positioned at the array elevation focal point. a Panametrics 5900 pulser (olympus ndT, Waltham, Ma) was used to excite array elements individually, and the receiver on the same unit was used to amplify the echoes before displaying them on a digital oscilloscope (lc534, lecroy corp., chestnut ridge, ny). The response of a typical element, as shown in Fig. 7 , had a center frequency of 28 MHz and a −6-db bandwidth of 61%. The peak echo amplitude located at 9.79 µs corresponded to an elevation focal point of approximately 7.3 mm, which was reasonably close to the designed elevation focus of 7.5 mm. The array echo amplitude standard deviation was also determined to be 0.69 db over the entire 256-element aperture. There were no open or shorted elements detected, but there were three elements that displayed an echo amplitude between 4 and 8 db less than the average. These elements displayed lower capacitance than their neighbors, leading to the conclusion that portions of the two piezoelectric ceramic pillars used to form an array element were not fully electrically connected to the flex circuit traces.
The combined electrical and mechanical crosstalk was measured by placing the array in a water bath opposite of an absorptive target and exciting a single element with a 5 Vpp sinusoidal burst (aFG3252, Tektronix Inc., beaverton, or) at discrete frequencies. crosstalk was estimated by comparing peak voltage across that element to the peak voltage across neighboring elements. The maximal crosstalk was −21 db across the nearest element and −30 db across the next-nearest element in the range of 10 to 50 MHz. The crosstalk averaged over the −6-db array bandwidth was −27 db across the nearest element and −38 db across the next-nearest element. These values were deemed satisfactory considering the simplicity of the array design and construction. In the future, the array fabrication procedure could be modified to include slotted matching layers and air kerfs separating elements [3] , [5] if lower crosstalk values are determined to be necessary. For example, a 2-2 composite 30-MHz array with a 2.0-wavelength pitch, mechanically-diced inner matching layer, and air kerfs, displayed a maximal nearest neighbor crosstalk value of less than −30 db [3] . similarly, a 2-2 composite 29-MHz array with a 1.5-wavelength pitch, laser-diced inner matching layer, and air kerfs displayed a nearest neighbor crosstalk value of less than −40 db when averaged across the −6-db array bandwidth [5] .
The single-element azimuthal one-way angular response, or directivity, was measured to determine the diffractive loss for proper estimation of array insertion loss. The array was placed in a fixture that allowed it to be rotated around an axis along its width and center. a needle hydrophone (HPM04/1, Precision acoustics, dorchester, UK), placed 10 mm away from the array, was used to acquire the peak amplitude of the time-domain response from a representative element at discrete angular positions. The Field II program [26] was used to simulate the directivity of a single array element and to estimate the effective element width by matching a modeled directivity curve to the measured values. a modeled element width of 75 µm provided the closest match to the measured data (Fig. 8) . The single-element directivity for the array was estimated to be 50° based upon the projection of the Field II modeled data. an effective width of 50% larger than the array pitch is an indication of the effect of inter-element crosstalk on array performance. also shown in Fig. 8 is the result of a 2-d (PZFlex) finite element model predicted single-element directivity for the array, which matched very well with the measured results. because PZFlex does not take into account the electrical crosstalk of the array module and interconnect, this data supported our theory that the observed crosstalk and large effective element width were predominantly caused by mechanical crosstalk in the array structure.
array insertion loss was measured by exciting a representative array element with a 10-cycle 5-Vpp 30-MHz sinusoidal burst and receiving the reflected echo from a polished quartz reflector placed at the elevation focus. The receive voltage across a 50-Ω load was compared with the source voltage delivered to a 50-Ω reference load and expressed in decibels. The measured value was then corrected for loss caused by diffraction in the azimuth direction [27] , attenuation in the water bath, and imperfect reflection from the quartz target [28] . The measured insertion loss for this array after compensating for attenuation and diffraction in the water bath was 19 db. This value was 10 db lower that what was observed for an identically-sized 1-3 composite 30-MHz array [9] , but was 4 db higher than what was observed for a 30-MHz, 2.0-wavelength pitch, 2-2 composite array [3] also developed by our group.
The ultimate test of an ultrasonic array's performance is accomplished by using it to form an image; however, the quality of images produced is as much dependent on the imaging system electronics as it is on the array. The array was paired with a custom-built system with a 64-active-channel analog receive beamformer currently being developed in our lab to evaluate array imaging performance [29] . The system utilized digital delay-lines to produce a single transmit focus at approximately 6.4 mm, and up to four receive foci (6.4, 8.75, 9.6, and 11.2 mm) with analog delay-lines. a wire phantom comprised of five equally spaced 20-µm-diameter tungsten wires (california Fine Wire co., Grover beach, ca) was imaged first. The lateral and axial line spread functions obtained from a single wire located near the transmit focus are shown in Fig. 9 . based upon this data, the −6-db lateral and axial resolutions were estimated to be 125 and 68 µm, respectively. a Field II simulation of the array with the system was in reasonable agreement with the measured results, predicting lateral and axial resolutions of 109 and 62 µm, respectively. Image snr at a depth of 6.4 mm was determined to be 55.5 db by comparing the peak amplitude of the reflected signal off of the tungsten wire to the mean noise level when the wire was removed.
a tissue-mimicking phantom containing anechoic spheres was imaged next to evaluate the array-plus-beamformer's 3-d resolution by taking into account array elevation slice thickness. The phantom composed of eight blocks of tissue mimicking material, each with a spatially random distribution of anechoic spheres was obtained from the Medical Physics department at the University of Wisconsin-Madison [30] . Each block had a different mean cyst diameter ranging from 100 to 1090 µm. all blocks were imaged using a single transmit and receive focus of 6.4 mm. The images obtained from the sections with the 825-, 530-, 400-, and 300-µm cysts are displayed in Fig.  10 . It was determined that the minimum detectable cyst diameter was 300 µm. a similar result was observed by Madsen et al. [29] using a commercial system (Vevo 2100, Visualsonics Inc., Toronto, on, canada) and 30-MHz array with a 1.5-wavelength pitch. Finally, the contrast-tonoise ratio (cnr) at a range of approximately 6.5 mm (focal point for transmit beamformer) were estimated to be 2.6, 2.0, 2.0, and 1.1 using the images (Fig. 10) of the 825-, 530-, 400-, and 300-µm anechoic cysts, respectively [31] .
Finally, an excised bovine eye was imaged to show the ability of the array-plus-system to image biological tissue structures. The system was set to have a transmit focus of 6.4 mm and four receive foci (6.4, 8.75, 9.6, and 11.2 mm). an image of a section of the anterior portion of the excised bovine eye is shown in Fig. 11 . The cornea, iris, ciliary body, and the surface of the lens are clearly visible in this image.
III. summary and conclusions a high-frequency array was developed that utilized an Ib 2-2 composite. This study is the first to report the use of Ib 2-2 composites in the manufacture of a highfrequency linear ultrasound array. The Ib composite man- The contrast-to-noise ratios for these images at a range of 6.5 mm were estimated to be 2.6, 2.0, 2.0, and 1.1, respectively [31] . ufacturing technique was chosen because it could provide uniform, fine-scale piezoceramic composites suitable for high-frequency ultrasound transducers.
several Ib 2-2 composites were fabricated using four commercial and one experimental piezoelectric ceramic. overall, composites made using ceramics with average grain sizes of equal to or less than 1.9 µm outperformed a larger-grained counterpart (cTs-3203Hd); however, the electromechanical coupling coefficient for all composites tested was significantly lower than what was modeled using published bulk material properties. More severe performance degradation was also observed with fabricated Ib 1-3 composites. The observation that similarly constructed 1-3 composites underperformed their 2-2 composite counterparts led to the conclusion that damage caused by mechanical dicing played a significant role in determining overall composite performance. considering the observed piezoelectric properties, these results also suggest that 2-2 composites may be a better choice for mechanically diced high-frequency piezoceramic composite linear array fabrication. There may be a correlation between dicing parameters and dicing damage; for example, spindle speed, blade feed rate, water temperature, and blade grain structure. all of these parameters could be evaluated in the future to determine ways to reduce performance degradation caused by mechanical dicing. It was also noted that other piezoceramic composite manufacturing techniques [3] , [12] , [21] were capable of achieving k t values comparable to what was recorded for composites manufactured using the Ib method; however, further studies are needed to make definitive comparisons. laser-dicing [5] and/or dry-etching [10] should also be evaluated extensively to determine if they are more-or less-effective techniques for producing fine-scale piezoceramic composites for high-frequency ultrasound arrays.
Ultimately fine-scale composite performance must be improved to improve high-frequency array performance. single-crystal piezoelectrics may ultimately become the preferred materials for fine-scale composites because of their superior performance when compared with piezoceramics [20] ; however, we did not evaluate them in this study because their brittle nature makes them an impractical choice for manufacturing fine-scale 2-2 composites using the Ib method. reactive ion etching appears to be a more practical and effective method for creating finescale composites using single-crystal piezoelectrics, having achieved an average k t of 0.71 and tan(δ s e ) of 0.052 for 1-3 composites designed for 40-MHz operation [10] . a 256-element 30-MHz array was designed and fabricated using the Ib 2-2 composite that was determined to be the top performer. The array was constructed by aligning and bonding the electroplated TFT-l201F composite to a custom-designed flexible circuit using an unloaded and non-conductive epoxy. The matching and backing layers, as well as the lens, were also fabricated separately and bonded to the composite and flexible circuit using a unloaded epoxy. The process of aligning and bonding the electroplated composite to the flex circuit to create a 50-µm element pitch was successfully carried out; with no open or shorted elements observed during array testing. Therefore, we feel that such a process should be considered as a viable solution to fine-scale array interconnection techniques. This technique is limited only by the minimum trace-and space-widths achievable with photolithography; however, the creation of arrays with element spacing less than approximately 25-µm most likely will require the aid of micro-positioning fixtures for alignment before bonding.
The fabricated array had a pulse-echo center frequency of 28 MHz and −6-db bandwidth of 61%. The measured single-element transmit −6-db directivity was estimated to be 50°, which corresponded to a modeled effective element width of 75 µm. Measured and finite-elementmodeled directivity agreed very well, thus indicating that mechanical crosstalk was the dominant factor contributing to the 50% difference between designed and measured effective element width. The measured insertion loss was 19 db after compensating for losses caused by attenuation and diffraction. This value was 10 db lower that what was observed for an identically-sized 30-MHz 1-3 Ib composite array previously fabricated by our group [9] .
Finally, the array was paired with a prototype beamformer system to evaluate image performance. Images of wire and tissue-mimicking phantoms were obtained to assess the spatial resolution of the array plus electronics. The −6-db lateral and axial resolution was determined to be 125 and 68 µm, respectively. The minimum detectable anechoic cyst diameter was 300 µm, which was comparable to what was reported for a commercial 30-MHz array-based imaging system. acknowledgments The authors would like to thank b. Jones and dr. T. shrout from the Materials research Institute at The Pennsylvania state University for providing the fine-grained PMn-PT ceramic used in this study, as well as the scanning electron microscope images of the evaluated ceramics and interdigitally bonded composites. 
